Introduction {#Sec1}
============

Gastric cancer (GC) is among the severe health problems worldwide \[[@CR1]\]. Late-emerging symptoms, increasing metastasis and chemoresistance are the major hindrances for revealing its pathological mechanisms and developing treatment strategies. GC cases are mostly adenocarcinomas, with considerable histological and etiological heterogeneity. Genetic and environmental factors contribute to GC initiation and progression \[[@CR2]\]. According to classical Lauren's criteria, GC is generally subgrouped as intestinal type and diffuse type. With growing genomic discoveries, a new classification was proposed based on large-scale GC cohorts, in which, GC was divided into: microsatellite instability (MSI), Epstein-Barr virus (EBV)-associated GC (EBVaGC), chromosomal instability (CIN), and genomically stable (GS). Genetic features of each molecular subtype are distinct. For instance, MSI exhibits more frequent incidence of somatic mutations while EBVaGC has the propensity for genome-wide hypermethylation \[[@CR3]\]. Novel findings of genetic features are conducive to uncover the molecular mechanisms and provide effective therapeutic targets for GC.

Fibroblast growth factors (FGFs) comprising 22 secretion proteins, which were divided into seven subfamilies. FGF receptors (FGFRs) consist of four homologs (FGFR1 to 4). They are highly conserved transmembrane tyrosine kinase receptors (TKRs) \[[@CR4]\]. The FGF-FGFR cascade is a multifactorial intracellular pathway that contributes to a broad range of biological events, such as tissue development, angiogenesis, and tissue regeneration \[[@CR5]\]. FGF-FGFR signaling pathways have been implicated in the development a variety of tumors, whose activation increases the motility and invasiveness of cancer cells \[[@CR6]\]. In a few studies, particularly, the involvement of FGF18 has been identified under the context of cancer development \[[@CR7]--[@CR10]\]. In colorectal cancers for instance, FGF18 is upregulated through the constitutive activation of the Wnt signaling, suggesting the role of FGF18 as a downstream target of β-catenin \[[@CR11]\]. Although the clinical relevance of FGF18 has been described in cancers, its underlying pathophysiological role in tumor progression remains elusive.

Thus in this study, we will comprehensively reveal the expression and clinical correlation of FGF18 in GC, and perform a deep investigation on how FGF18 is activated and promotes gastric carcinogenesis. We aim to identify novel prognostic biomarkers and therapeutic targets for clinical intervention.

Results {#Sec2}
=======

FGF18 is upregulated in GC and correlates with poor survival {#Sec3}
------------------------------------------------------------

To detect the expression patterns of FGFs and FGFRs in GC, gene expression microarray profiling was applied to comprehensively reveal the mRNA levels of FGF and FGFR members from 10 GC cell lines, while an immortalized gastric epithelium cell line (GES-1) was used as a control. The mRNA level of FGF18 and FGFR2 were higher than that of other family members in GC cell lines (Fig. [1a](#Fig1){ref-type="fig"}). Detecting by qRT-PCR, the relative mRNA expression of FGF18 was upregulated in seven out of eleven (63.6%) GC cell lines (AGS, MKN1, MKN28, MKN45, MGC-803, SGC-7901, and KATOIII; \*, *P* \< 0.05; \*\*, *P* \< 0.001) (Fig. [1b](#Fig1){ref-type="fig"}). By analyzing The Cancer Genome Atlas (TCGA) data, FGF18 was found overexpressed in the GS and CIN molecular subtypes (Fig. [1c](#Fig1){ref-type="fig"}). Intriguingly, even though *FGF18* harbored deletion or amplification genetically (left panel, Fig. [1d](#Fig1){ref-type="fig"}), its copy number gain failed to positively correlate with its abundant mRNA expression (right panel, Fig. [1d](#Fig1){ref-type="fig"}), suggesting that translational or post-transcriptional regulation might be responsible for its mRNA upregulation. Moreover, the relation between FGF18 and the survival rate of GC patients was determined by employing Kaplan Meier plotter ([www.kmplot.com](http://www.kmplot.com)) in this study. The abundance of FGF18 predicted poor prognosis for GC patients (Fig. [1e](#Fig1){ref-type="fig"}). In terms of the mechanism of FGF18 in carcinogenesis, gene set enrichment analysis (GESA) \[[@CR12], [@CR13]\] revealed that FGF18 was positively associated with MEK signaling, but negatively correlated with tumor necrosis factor (TNF) signaling (Fig. [1f](#Fig1){ref-type="fig"}).Fig. 1FGF18 shows overabundance in GC. **a** FGF18 has the highest expression level in FGFs and FGFRs among GC cell lines. **b** FGF18 is overexpressed in seven out of eleven GC cell lines (\*, *P* \< 0.05; \*\*, *P* \< 0.001). Dash line indicated the normalized expression of FGF18 in GES-1. **c** Expression pattern of FGF18 based on molecular classification. EBV EBV-positive, MSI microsatellite unstable, GS genomically stable, CIN chromosomal instability (N.S. not significant; \*, *P* \< 0.05; \*\*, *P* \< 0.001). **d** Left panel: Different types of FGF18 genetic alterations in primary GC samples (*n* = 258). Right panel: the correlation of FGF18 mRNA expression with its copy number aberrations (N.S. not significant). **e** Upregulation of FGF18 indicated worse outcomes (*P* \< 0.001) based on the Kaplan Meier plotter ([www.kmplot.com](http://www.kmplot.com)) analysis. **f** Enrichment plots of gene expression signatures according to FGF18 expression levels in a breast cancer cohort (NCBI/GEO/GSE57303; left panel: MEK signaling, *P* = 0.048; right panel: tumor necrosis factor signaling, *P* *\<* 0.01). The barcode plot indicated the position of the genes in each gene set; red and blue colors represented the high and low expression of FGF18, respectively

Silencing FGF18 inhibits tumor growth and promotes cell cycle arrest {#Sec4}
--------------------------------------------------------------------

As FGF18 is upregulated in GC, siRNA-mediated knockdown was used to investigate the functional roles of FGF18 in gastric carcinogenesis. Both mRNA and protein levels of FGF18 were effectively reduced after siFGF18 transfection (Fig. [2a](#Fig2){ref-type="fig"}). Accordingly, the proliferative ability, which was revealed by cell proliferation and monolayer colony formation assays, was significantly suppressed by siFGF18 transfection (*P* *\<* 0.001, Fig. [2b, c](#Fig2){ref-type="fig"}). Meanwhile, cell invasion ability was also inhibited by FGF18 knockdown (*P* \< 0.001, Fig. [2d](#Fig2){ref-type="fig"}).Fig. 2Silencing of FGF18 in GC cells displays anti-tumor function in vitro. **a** Transfection of siFGF18s significantly reduced both the mRNA and protein levels of FGF18 (\*\*, *P* \< 0.001). **b** Three-day cell proliferation assays presented that siFGF18-transfection significantly suppressed proliferation in GC cells (\*\*, *P* \< 0.001). The mean and SDs obtained from six wells were plotted. **c** Monolayer colony formation assays suggested that siFGF18-transfection inhibited anchorage-dependent colony formation ability (\*\*, *P* \< 0.001). Assays were performed in triplicate. Error bars represented SDs. **d** siFGF18-transfected cells showed retarded cell invasion (\*, *P* \< 0.05; \*\*, *P* \< 0.001). Vision fields were randomly picked for thrice, from which the SDs were achieved. **e** Cell cycle distribution examined by flow cytometry indicated G1 arrest in siFGF18-transfected cells. Experiments were performed in triplicate. Statistical analysis of cell cycle percentages was presented by histograms (\*, *P* \< 0.05). **f** Western blot analysis demonstrated the protein levels of cell cycle regulators, as well as the phosphorylated MEK1/2, ERK1/2 after FGF18 silencing. **g** Drug sensitivity was enhanced by treating cells with siFGF18s (\*, *P* \< 0.05). The cell viability upon different concentrations of Cisplatin was detected after 48 h by CCK8 cell proliferation assay. The mean and SDs were obtained from 6 wells. The largest mean was defined as 100% and the smallest mean was defined as 0%. IC~50~ values were calculated and listed in the right panel

Given that cell proliferation was inhibited by FGF18 downregulation, the cell cycle distribution was examined by flow cytometry analysis. After transfected with siFGF18 in both cell lines, G1 phase cells showed a significant enrichment (AGS: 64.8 ± 1.06% vs. 72.23 ± 1.6%, *P* *\<* 0.05; MKN28: 68.61 ± 0.75% vs. 73.45 ± 1.22%, *P* *\<* 0.05), but S phase cells were reduced (AGS: 27.2 ± 1.11% vs. 19.85 ± 0.5%, *P* *\<* 0.05; MKN28: 23.39 ± 1.63% vs. 18.55 ± 1.31%, *P* \< 0.05) (Fig. [2e](#Fig2){ref-type="fig"}). Cell cycle parameters and regulators were then detected by western blot. Specifically, Cyclin D1, CDK4, CDK6, and pRb were downregulated, while p21 and p27 were activated. Meanwhile, phosphorylated MEK1/2 and ERK1/2 were decreased, indicating low activity of ERK signaling in FGF18-depleted cells (Fig. [2f](#Fig2){ref-type="fig"}). To identify the effect of FGF18 on anti-cancer drug treatment, drug sensitivity was assessed. GC cells with or without FGF18-depletion were treated with different concentrations of Cisplatin. Clearly, cells with siFGF18 were more sensitive to this kind of anti-tumor drug (\*, *P* *\<* 0.05) (Fig. [2g](#Fig2){ref-type="fig"}).

Silencing FGF18 activates ATM but suppresses TGF-β signaling pathway {#Sec5}
--------------------------------------------------------------------

To reveal the key signaling pathways related to FGF18 signaling in GC, expression microarray experiments were applied in siFGF18-transfected cells and negative controls. Through gene ontology (GO) analysis, genes that were downregulated in both siFGF18 transfected cells were screened as candidates for validation (Fig. [3a](#Fig3){ref-type="fig"}). This batch of genes were mainly enriched in four signaling pathways (Fig. [3b](#Fig3){ref-type="fig"} and Supplementary Table [S1](#MOESM1){ref-type="media"}). In detail, ATM signaling and HDAC class III signaling were activated, while TGF-β and ATR pathways were suppressed (Fig. [3c](#Fig3){ref-type="fig"}). Genes enriched in ATM and TGF-β cascades were further validated by qRT-PCR. As shown in ATM signaling, *ATM*, *CTBP1*, and *TP53BP1* were upregulated in both siFGF18 transfected GC cell lines. In TGF-β signaling pathway, *TGFBR1*, *TGFBR2*, *ARRB2*, and *BAMB1* were downregulated in siFGF18 transfectants (\*, *P* \< 0.05; \*\*, *P* \< 0.001; Fig. [3d](#Fig3){ref-type="fig"}). Since ATM signaling pathway plays an imperative role in DNA repair and cell cycle regulation, the activation of ATM signaling pathway was subsequently validated. After transfecting siFGF18, the phosphorylated ATM and downstream factor γH2AX were activated in AGS and MKN28 cells. Meanwhile, as the functional components in TGF-β signaling pathway, phosphorylated Smad2 and phosphorylated Smad3 were inactivated (Fig. [3e](#Fig3){ref-type="fig"}). The immunofluorescence staining further confirmed the enhanced DNA damage caused by siFGF18 treatment (Fig. [3f](#Fig3){ref-type="fig"}).Fig. 3FGF18 crosstalks with ATM and TGF-β pathways. **a** Selection of downregulated genes in both siFGF18-treated cell lines. **b** The genes downregulated in both cell lines with FGF18 knockdown significantly enriched in four signaling pathways. **c** The heat maps demonstrated the differentially expressed genes in these four signaling pathways respectively. **d** High-ranked upregulated genes in ATM signaling pathway and downregulated genes in TGF-β signaling pathway were validated by qRT-PCR (\*, *P* \< 0.05; \*\*, *P* \< 0.001). **e** Western blot analysis indicated that ATM and histone H2AX were activated, while phosphorylation of Smad2 and Smad3 was reduced due to FGF18 knockdown. **f** Immunofluorescent staining validated that γH2AX was significantly increased in cells with FGF18 knockdown

Autocrine secretion of FGF18 promotes tumor growth in GC {#Sec6}
--------------------------------------------------------

To mimic the autocrine secretion of FGF18 by GC cells, conditioned medium (CM) derived from cells with FGF18 overexpression was centrifuged and added in GC cells (Fig. [4a](#Fig4){ref-type="fig"}). Medium collected from cells transfected with empty vector (EV) was used as a control. Notably, phosphorylation of ERK1/2 and Smad2/3 were both elevated time dependently, while the pATM and γH2AX were decreased after FGF18-CM stimulation. Increased level of a cell-cycle regulatory molecule pRb was also observed by FGF18-CM (Fig. [4b](#Fig4){ref-type="fig"}). As to the functional effect, treating cells with FGF18-CM significantly accelerated proliferation rate, which was demonstrated by cell proliferation assay (\*, *P* \< 0.05; \*\*, *P* \< 0.001; Fig. [4c](#Fig4){ref-type="fig"}) and monolayer colony formation (*P* \< 0.001; Fig. [4d](#Fig4){ref-type="fig"}) assays. More importantly, the cell invasion ability was enhanced after FGF18-CM treatment (*P* \< 0.001; Fig. [4e](#Fig4){ref-type="fig"}). However, there were no similar changes of these related proteins in the cells treated with EV-CM. By analyzing TCGA cohort, the mRNA expression of FGF18 was negatively associated with CDH1 (E-cadherin), but positively correlated with CDH2 (N-cadherin) and VIM (Vimentin) (Fig. [4f](#Fig4){ref-type="fig"}). As well, the addition of FGF18-CM resulted in the decreased protein level of E-cadherin but increased exprsssion of N-cadherin and Vimentin, suggesting FGF18 promoted epithelial--mesenchymal transition (EMT) in GC cells (Fig. [4g](#Fig4){ref-type="fig"}). Together, these findings revealed an oncogenic role of autocrine FGF18 secretion in gastric tumorigenesis.Fig. 4FGF18-conditioned medium (CM) enhances tumor growth of GC cells. **a** Schematic diagram for the CM preparation and cell treatment. **b** pERK1/2, pSMAD2/3, and pRb were activated by FGF18-CM, while ATM cascade was inactivated by FGF18-CM treatment. All changes were time-dependent. Cells under empty vector (EV)-CM treatment were applied as control. **c** Three-day cell proliferation assays indicated that FGF18-CM significantly increased proliferation of the GC cells (\*, *P* \< 0.05; \*\*, *P* \< 0.001). The mean and SDs obtained from six wells were plotted. **d** FGF18-CM enhanced the anchorage-dependent colony formation ability (\*\*, *P* \< 0.001). Assays were conducted in triplicate independently. Error bars represent SDs. **e** Treating with FGF18-CM accelerated cell invasion ability (\*\*, *P* \< 0.001). SDs were achieved from the cell number in each random vision field. **f** Correlation between FGF18 and related EMT markers based on the TCGA data. **g** Immunoblotting of EMT markers in the cells treated with CM for 48 h (empty vector and FGF18)

FGF18 is negatively regulated by miR-590-5p {#Sec7}
-------------------------------------------

As the FGF18 upregulation in GC cells was not positively correlated with its copy number gain even amplification, other regulatory mechanisms such as microRNA (miRNA) regulation were considered. From the miRNA database miRDB, the 3′ untranslated region (UTR) of FGF18 was found to have a putative binding site for miR-590-5p (Fig. [5a](#Fig5){ref-type="fig"}) \[[@CR14], [@CR15]\]. To assess the regulation effect of miR-590-5p on FGF18, miR-590-5p precursor and negative control were transfected into AGS, MKN28, and MGC-803, respectively. Both mRNA and protein levels of FGF18 were decreased after ectopic expression of miR-590-5p (*P* \< 0.001; Fig. [5b](#Fig5){ref-type="fig"}). Luciferase activity in cells containing the wild-type binding site of FGF18 was significantly inhibited by miR-590-5p, but the suppression effect of miR-590-5p was not detected in cells transfected with the construct containing the mutant binding site (Fig. [5c](#Fig5){ref-type="fig"}). The analysis of TCGA cohort also indicated that the mRNA level of FGF18 was negatively associated with miR-590-5p expression (*r* = −0.278, *P* \< 0.001, *n* = 367; Fig. [5d](#Fig5){ref-type="fig"}). In all the eleven GC cell lines, there was a uniformly reduced expression of miR-590-5p compared with GES-1 (Fig. [5e](#Fig5){ref-type="fig"}). These results demonstrated that the upregulation of FGF18 in GC is partly due to the silence of miR-590-5p.Fig. 5FGF18 is directly regulated by miR-590-5p in GC. **a** The putative binding site of miR-590-5p was located in the FGF18 3′ UTR according to miRNA database miRDB. **b** Both mRNA and protein expression of FGF18 were decreased after miR-590-5p overexpression in AGS and MKN28 cells (\*\*, *P* \< 0.001). **c** miR-590-5p suppressed the luciferase activity in the constructs containing the wild-type binding site in 3′ UTR of FGF18 (\*\*, *P* \< 0.001), but without effect in the constructs containing a corresponding mutated binding site. **d** The expression association between FGF18 mRNA and miR-590-5p in TCGA cohort. **e** The expression pattern of miR-590-5p in 11 GC cell lines and an immortalized gastric epithelium cell line GES-1. All GC cell lines showed a uniform decrease of miR-590-5p. Dash line indicated the normalized expression of miR-590-5p in GES-1

miR-590-5p plays a tumor suppressor role in GC {#Sec8}
----------------------------------------------

To investigate the functional role of miR-590-5p in GC, the miR-590-5p precursor was transfected in GC cells. Cell proliferative (cell proliferation assays: *P* \< 0.001, Fig. [6a](#Fig6){ref-type="fig"}; monolayer colony formation assays: \*, *P* \< 0.05, \*\*, *P* \< 0.001, Fig. [6b](#Fig6){ref-type="fig"}) and invasive abilities (*P* \< 0.001; Fig. [6c](#Fig6){ref-type="fig"}) were all inhibited in response to miR-590-5p transfection. Furthermore, cell cycle distribution was affected by miR-590-5p, which was suggested by apparent G0/G1 phase arrest (\*, *P* \< 0.05; \*\*, *P* \< 0.001; Fig. [6d](#Fig6){ref-type="fig"}). From the western blot analysis, cell cycle regulators such as pRb were decreased, but p21 and p27 were activated. The increased level of phosphorylated ATM and γH2AX indicated the activation of ATM signaling (Fig. [6e](#Fig6){ref-type="fig"}), which was further confirmed by immunofluorescent staining (Fig. [6f](#Fig6){ref-type="fig"}). Thus, ectopic overexpression of miR-590-5p suppressed tumor formation, promoted G1 phase cell cycle arrest, and induced DNA damage. The therapeutic implication of miR-590-5p in GC cells were evaluated. Based on the IC~50~ (Fig. [6g](#Fig6){ref-type="fig"}), cells were more sensitive to Cisplatin when transfected with miR-590-5p, indicating its potential value as a promising therapeutic strategy. On the contrary with FGF18, miR-590-5p expression had positive correlation with CDH1 but negative correlation with CDH2 and VIM in TCGA cohort (Fig. [6h](#Fig6){ref-type="fig"}), suggesting the inhibitory role of miR-590-5p on EMT. The animal experiments further confirmed the inhibitory effect of miR-590-5p in the xenograft formation (\*, *P* \< 0.05; Fig. [6i](#Fig6){ref-type="fig"}). Meanwhile, the miR-590-5p expression in the xenografts was examined and miR-590-5p retained a significantly high level in the xenografts compared with negative control (Fig. [6i](#Fig6){ref-type="fig"}).Fig. 6miR-590-5p functions as a tumor suppressor in GC. **a** Ectopic transfection of miR-590-5p significantly suppressed proliferation in GC cell lines (\*\*, *P* *\<* 0.001). The mean and SDs obtained from six wells were plotted. **b** miR-590-5p transfection significantly inhibited anchorage-dependent colony formation ability (\*\*, *P* \< 0.001). Experiments were performed in triplicate. Error bars represent SDs. **c** Cell invasion ability was suppressed by miR-590-5p significantly (\*, *P* \< 0.05; \*\*, *P* \< 0.001). SDs were achieved from visions randomly selected. **d** Cell cycle distribution was examined by flow cytometry, which suggested G1 phase arrest in miR-590-5p-transfected cells. Experiments were conducted in triplicate. Statistical analysis of cell cycle percentages were presented by histograms (\*, *P* \< 0.05; \*\*, *P* \< 0.001). **e** Western blot analysis demonstrated the increased level of p21, p27, and reduction of pRb. Key factors in ATM signaling were activated in the miR-590-5p transfectants. **f** Immunofluorescence showed that γH2AX was significantly increased in GC cells with ectopic miR-590-5p expression. **g** Drug sensitivity was enhanced by miR-590-5p (\*, *P* \< 0.05). The cell viability was detected with different concentrations of Cisplatin. The mean and SDs were obtained from six wells. The largest mean was defined as 100% and the smallest mean defined as 0%. IC~50~ values were calculated and listed in tables. **h** The expression correlation of miR-590-5p and related EMT markers in TCGA dataset. **i** The xenograft formation ability with stable miR-590-5p abundance was significantly inhibited compared with the negative control (\*, *P* \< 0.05). Black circles indicate the negative controls and red circles show the xenografts derived from miR-590-5p-transfected cells

Re-overexpression of FGF18 partly abolished the tumor-suppressive effect of miR-590-5p {#Sec9}
--------------------------------------------------------------------------------------

To confirm FGF18 is a real target of miR-590-5p, FGF18 was co-overexpressed with miR-590-5p in GC cells. The decreased mRNA level of FGF18 by miR-590-5p was restored (\*, *P* \< 0.05; \*\*, *P* \< 0.001; Fig. [7a](#Fig7){ref-type="fig"}). Moreover, the anti-tumor effect of miR-590-5p was partly rescued. Since miR-590-5p-inhibited cell proliferation ability in GC cells, re-overexpressing FGF18 in these cells reversed the cell proliferation rate to the level of negative control (\*, *P* \< 0.05; \*\*, *P* \< 0.001; ^\#\#^, *P* \< 0.001; Fig. [7b](#Fig7){ref-type="fig"}). As well, colony formation ability were significantly restored in miR-590-5p and FGF18 co-transfectants (\*\*, *P* \< 0.001; Fig. [7c](#Fig7){ref-type="fig"}). Similar results were observed in cell invasion assays (\*\*, *P* \< 0.001; Fig. [7d](#Fig7){ref-type="fig"}). In vivo, re-overexpression of FGF18 significantly accelerated the tumor formation compared with the miR-590-5p-treated group (Fig. [7e](#Fig7){ref-type="fig"}). Schematically, in normal gastric epithelial cells due to a normal expression of miR-590-5p, FGF18 expression was suppressed and the related downstream network was attenuated. The ATM signaling was thus activated in response to DNA damage repair and cell cycle progression was arrested. In gastric carcinogenesis, downregulation of miR-590-5p leads to an increase of FGF18, which further activates MEK-ERK signaling as well as Smad2 and Smad3, the key factors in TGF-β signaling pathway, to facilitate cell proliferation and migration (Fig. [7f](#Fig7){ref-type="fig"}).Fig. 7Re-overexpression diminished the suppressive effects of miR-590-5p in GC. **a** FGF18 mRNA was restored in FGF18 re-overexpressed AGS and MKN28 cells (\*, *P* \< 0.05; \*\*, *P* \< 0.001). **b** FGF18 re-overexpression promoted growth in the miR-590-5p treated cells (\*\*, Negative control + Empty vector vs. miR-590-5p + Empty vector, *P* \< 0.001; \#\#, miR-590-5p + Empty vector vs. miR-590-5p + FGF18, *P* \< 0.001). **c** Monolayer colony formation ability of AGS and MKN28 cells, which were transfected with miR-590-5p, were rescued by FGF18 re-overexpression (\*\*, *P* \< 0.001). **d** The invasive ability was significantly raised in FGF18 re-overexpressed cells compared with miR-590-5p treated cells (\*\*, *P* \< 0.001). SDs were achieved from triplicate experiments. **e** FGF18 re-overexpression in MGC-803 cells formed bigger xenografts compared with miR-590-5p transfection group (\*\*, *P* \< 0.001). **f** Schematic figure summarized all the study. In normal gastric epithelium cells, miR-590-5p suppresses FGF18 expression and blocks FGF18 signaling. The ATM signaling is normally activated, which in turn induces DNA damage repair, cell cycle arrest and apoptosis. In GC cells, silenced miR-590-5p fails to inhibit FGF18 expression. Thus the activated FGF18 axis triggers MEK-ERK and Smad2/3 signalings through FGFR, which promotes downstream expression and causes aberrant proliferation and invasion

Discussion {#Sec10}
==========

In previous reports, the involvement of FGF18 has been addressed in multiple types of solid tumor, highlighting its oncogenic role in angiogenesis and cell growth. However, studies about the biological and prognostic role of FGF18 in GC remain uninvestigated. Here, we provide the first evidence that FGF18 is an oncogenic factor in GC and negatively regulated by tumor suppressor miRNA, miR-590-5p. FGF18 enrichment predicts poor survival in primary GC samples. FGF18 knockdown exerts tumor suppressive effect on GC cells both in vitro and in vivo. The activation of FGF18 is partly due to the downregulation of miR-590-5p in GC.

FGFs are produced by cancer cells or secreted by stromal compartment. Deregulation of FGF signaling has been found in both tumor cells and the cells in the tumorous environment \[[@CR16], [@CR17]\]. FGFs binds to their receptors and triggers dimerization and cross-phosphorylation of the kinase domains, subsequently, downstream effectors are activated \[[@CR18]\]. When FGF signaling is activated, the phosphorylated FGFR substrate 2 (FRS2) recruits son of sevenless (SOS) and growth factor receptor-bound 2 (GFRB2), this complex further induces the activation of RAS-RAF-MEK-ERK signaling pathway which mediates cell proliferation, differentiation, and migration \[[@CR17], [@CR19]\]. A couple of studies provided evidences to demonstrate the role of FGF members in different cancer types via ERK-MAPK signaling pathway. FGF2 was indicated to regulate the FGFR-ERK signaling in esophageal squamous cell carcinoma to accelerate tumor growth \[[@CR20]\]. In hepatocellular carcinoma, FGF8 subfamily members, including FGF8, FGF17 and FGF18, were upregulated to facilitate cell survival and angiogenesis via activating ERK \[[@CR21]\]. The involvement of FGF7 and FGF9 secreted by cancer-associated fibroblasts were also demonstrated to promote migration and invasion of GC cells \[[@CR22], [@CR23]\]. However, apart from paracrine manner, the secretion of FGFs by cancer cells themselves also contributes to cancer cell growth \[[@CR24]\]. The function of FGF ligands secreted by GC cells remains unknown. In our study, FGF18 was demonstrated to be a prominent ligand released by GC cells which functions as a potential oncogene to promote gastric carcinogenesis. On one hand, downregulated FGF18 led to cell growth inhibition and cell-cycle arrest. Herein, activation of ATM/γH2AX cascade and inactivation of TGF-β/SMAD signaling were revealed. It implied that DNA damage was caused by FGF18 knockdown, since the activation of ATM/γH2AX cascade was responsible for DNA double-strand break \[[@CR25]\]. On the other hand, we also confirmed FGF18 derived CM significantly enhanced proliferation and invasion ability of GC cells. EMT properties were exhibited in the cells treated with FGF18-CM. TGF-β/SMAD signaling was proposed to play the mediated and crucial role in this process. It has been implicated that TGF-β/SMAD signaling accelerates cell migration, invasion, as well as EMT in the late stage of cancer \[[@CR26]\]. One of the most prominent finding of FGFR in GC is the overexpression and amplification of FGFR2. It thus makes FGFR2 a significant prognostic and therapeutic target of GC \[[@CR27]--[@CR30]\]. Our results comprehensively delineated the detailed mechanisms of FGF18-FGFR2 signaling in gastric tumorigenesis.

In our work, we found FGF18 upregulation was not due to it copy number gain and amplification in GC. Therefore, we proposed miRNA regulation might be an important regulatory mechanism for the activation of FGF18. Accumulative evidence pointed out that miRNAs were potent molecular biomarkers for early cancer diagnosis and prognosis \[[@CR31]--[@CR33]\]. miR-590 has paradoxical roles in different cancer development \[[@CR34]--[@CR37]\]. In particular, it has been considered as an oncomiR and well characterized in colorectal cancer (CRC). As previously indicated, miR-590-5p was involved in the NF90/VEGFA signaling axis and inhibited angiogenesis and metastasis of CRC \[[@CR38]\]. Another study in CRC also showed that the dysregulated DICER1-miR-590-5p axis led to the increased expression of YAP1 and promoted tumorigenesis \[[@CR39]\]. In GC, the biological functions and underlying mechanisms of miR-590-5p are barely known. For the first time, our study delineates that miR-590-5p functions as a tumor suppressor by targeting FGF18, which broadens our knowledge regarding the target pool of this miRNA in gastric tumorigenesis.

In conclusion, our study not only identified a novel oncogenic FGF member, FGF18, in promoting GC, but also deciphered the regulatory mechanism between FGF18 signaling and miR-590-5p, which might imply a constructive therapeutic intervention in GC.

Materials and methods {#Sec11}
=====================

GC cell lines {#Sec12}
-------------

Human GC cell lines and commercial gastric-derived RNA sample applied in the study have been described \[[@CR40], [@CR41]\].

In vitro functional studies {#Sec13}
---------------------------

siRNAs and miRNAs transfection was conducted accordingly \[[@CR42]\]. FGF18 siRNAs (SI03157896, SI03234679, SI03650318) were commercially available from Qiagen (Valencia, CA), while miRNA precursor miR-590-5p (PM11386, AM17110) were from Life Technologies.

Conditioned medium was prepared in 293 cells with FGF18 overexpression. Briefly, FGF18 plasmid and the corresponding empty vector were transfected into 293 cells for 48 h respectively. Then cells were maintained in RPMI 1640 plain medium for another 48 h. Conditioned medium was collected and centrifuged to remove the cell debris. Functional studies include cell proliferation, monolayer colony formation, cell invasion, and flow cytometry analysis for cell cycle distribution. Protocols were based on a previous study \[[@CR43]\]. All experiments were conducted in triplicate.

RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR) {#Sec14}
----------------------------------------------------------------------------

The procedures of total RNA extraction and qRT-PCR were mentioned previously \[[@CR44]\]. Primer sequences of genes in this study were listed in Supplementary Table [S2](#MOESM2){ref-type="media"}.

Western blot analysis {#Sec15}
---------------------

Primary antibodies were mainly from Cell Signaling (Danvers, MA), including Phospho-MEK1/2 (1:1000, \#9121), Phospho-p44/42 MAPK (1:1000, \#9106), Phospho-Rb (Ser807/811) (1:1000, \#9308), p21 (1:1000, \#2946), p27 (1:1000, \#2552), Cyclin D1 (1:1000, \#2978), CDK4 (1:1000, \#12790), CDK6 (1:1000, \#3136), γH2AX (1:1000, \#9718), Histone H2AX (1:1000, \#7631), pSmad2/3 (1:1000, \#8828), Smad2/3 (1:1000, \#3102), and GAPDH (1:1000, \#2118). Some other antibodies are pATM (1:1000, ab81292), ATM (1:1000, ab32420), E-cadherin (1:500, AAS89512C, Antibody Verify), N-cadherin (1:1000, 33--3900, ZYMED), Vimentin (1:500, AAS26482C, Antibody Verify). And the rest antibodies have been reported earlier \[[@CR41]\].

Immunofluorescence staining {#Sec16}
---------------------------

Primary antibodies included γH2AX (1:1000, \#9718) and Histone H2AX (1:1000, \#7631, Cell Signaling). The performance was based on the previous description \[[@CR45]\].

Luciferase assays {#Sec17}
-----------------

Sequences of the oligonucleotides were also listed in Supplemental Table [S2](#MOESM2){ref-type="media"}. Luciferase activity was measured as before \[[@CR46]\].

Cisplatin sensitivity {#Sec18}
---------------------

The detailed method has been indicated in our previous study \[[@CR42]\].

Xenograft formation assays {#Sec19}
--------------------------

The protocol of in vivo xenograft formation assay has been detailed described in our previous study \[[@CR46]\]. All animal experiments were performed under the approval of Department of Health, Hong Kong and CUHK Animal Ethics Committee.

Statistical analysis {#Sec20}
--------------------

Log transformation was needed for parametric tests when it is necessary. Corresponding statistical methods for each comparison and correlation was applied according to the previous study \[[@CR46]\]. All the statistical results were analyzed upon SPSS software (version 22.0; SPSS Inc., Chicago, IL, USA; two-tailed, *P* *\<* 0.05 was considered as statistically significant; two-tailed, *P* *\<* 0.001, highly statistically significant).
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